This paper presents recent progress in the development and mass production of large-area hydrophobic silica aerogels for use as radiators in the aerogel-based ring-imaging Cherenkov (A-RICH) counter, which will be installed in the forward end cap of the Belle II detector. The proximity-focusing A-RICH system is especially designed to identify charged kaons and pions. The refractive index of the installed aerogel Cherenkov radiators is approximately 1.05, and we aim for a separation capability exceeding 4σ at momenta up to 4 GeV/c. Large-area aerogel tiles (over 18 × 18 × 2 cm 3 ) were first fabricated in test productions by pin drying in addition to conventional methods. We proposed to fill the large end-cap region (area 3.5 m 2 ) with 124 water-jet-trimmed fan-shaped dual-layer-focusing aerogel combinations of different refractive indices (1.045 and 1.055). Guided by the test production results, we decided to manufacture aerogels by the conventional method and are currently proceeding with mass production. In an electron beam test undertaken at the DESY, we confirmed that the K/π separation capability of a prototype A-RICH counter exceeded 4σ at 4 GeV/c.
Introduction
We are developing an aerogel ring-imaging Cherenkov (A-RICH) counter [1] as one of the particle identification devices for the Belle II experiment [2] . Belle II will involve the SuperKEKB electron-positron collider, under upgrade at KEK, Japan. This super B-factory experiment, investigating flavor physics and precision measurements of CP violations in the intensity frontier, will search for physics beyond the standard model of particle physics. Because the installation space of the forward end cap of the Belle II detector is limited, the A-RICH system was designed as a proximity-focusing RICH counter. The A-RICH system is an upgrade of threshold aerogel Cherenkov counters [3] installed in the previous Belle spectrometer [4] .
To efficiently separate kaons from pions at momenta (p) up to 4 GeV/c (our goal is to exceed 4σ K/π separation capability), we require a highly transparent Cherenkov radiator with a refractive index n of approximately 1.05. To this end, we have been developing high-refractive index, high-quality hydrophobic silica aerogels since the early 2000s [5, 6, 7, 8] . Together with Hamamatsu Photonics K.K., Japan, we have also been developing 144-ch multi-anode hybrid avalanche photodetectors (HAPD) [9] as position-sensitive Cherenkov light sensors using dedicated readout electronics (ASIC) [10] .
Given the limited expansion distance between the aerogel upstream surface and photodetector surface (20 cm in our case), we first proposed and demonstrated a multilayer-focusing radiator scheme using aerogels with different refractive indices [11] . This thick aerogel combination aimed to increase the number of detected photoelectrons without degrading the resolution of the Cherenkov angle. In previous beam tests, the K/π separation capability of a prototype A-RICH counter exceeded 5σ at 4 GeV/c [12] . Such high separation capability was achieved using highly transparent (but small size) aerogels developed by the pin-drying method described in the next section.
Silica aerogel, an amorphous, highly porous solid of silicon dioxide (SiO 2 ), has been widely used as a Cherenkov radiator because of its tunable, intermediate refractive index and optical transparency. Its refractive index is related to its bulk density, which depends on the silica-air volume ratio (typically 1:9) tuned in the production process. The typical length scale of three-dimensional networks of silica particles (revealed by our scanning electron microscopy observations) is on the order of [14] . The refractive index was measured at the tile corners by the Fraunhofer method with a 405-nm semiconductor laser [14] . The plot compares aerogel samples smaller than (10 × 10 × 2) cm 3 produced by the conventional (squares) and pin-drying (circles) methods.
10 nm. Hence, the transmission of Cherenkov photons in an aerogel is described by Rayleigh scattering. Although aerogels are generally transparent, their transparency strongly depends on production technique.
Production methods
Our aerogels are produced in two ways: conventional and pin-drying methods. Our conventional method, developed at KEK in the 1990s [13] , was modernized in the mid-2000s by introducing a new solvent in the wet-gel synthesis process [5] . The conventional method, which requires approximately one month, adopts a simple wet-gel synthesis procedure (sol-gel step). The refractive indices of the resulting aerogels reach n = 1.11 [14] . To suppress age-related degradation caused by moisture absorption, our aerogels are rendered hydrophobic [14, 15] . In the final step, the wet gels are dried by the supercritical carbon dioxide extraction method.
Our recently developed pin-drying method [16] produces more transparent aerogels (with n ∼1.06) than the conventional method. Originally, this novel method was developed to yield ultrahigh-refractive-index aerogels (up to n = 1.26) at Chiba University, Japan [17] . In this method, individual wet gels (originally designed with n ∼1.05) are subjected to a special treatment, intermediate between the wet-gel synthesis and hydrophobic treatment. Specifically, to increase its silica density, the wet gel is shrunk by partial drying in a semi-sealed container punctured with pinholes to suppress cracking (pin-drying process). The refractive index of the aerogels is determined by two factors: shrinkage extent of the wet gel and the volume ratio of chemicals used in the wet-gel synthesis. By contrast, the refractive index is controlled only by the wet-gel synthesis process in the conventional method. Potential disadvantages of the pin-drying method include the time consumed in the pindrying process (approximately two months), difficulties in ob- taining uniform tile density, and cracking in the supercritical drying phase. However, the method achieves long transmission length (Λ T ) [8] , as shown in Fig. 1 .
Tiling in the end cap
When filling the large (3.5 m 2 ) end-cap region, tile boundaries must be reduced by minimizing the total number of aerogel tiles (i.e., by maximizing aerogel dimensions). This is important because unintended scattering at the boundaries of adjacent aerogel tiles reduces the number of detected photoelectrons. Meanwhile, the tile dimensions should also be realistic for production. Considering the capacity of our autoclave used in the supercritical drying phase, installed at Mohri Oil Mill Co., Ltd., Japan, we planned to manufacture aerogel tiles with dimensions (18 × 18 × 2) cm 3 . To simplify aerogel production, we propose to fill the cylindrical end-cap region with 124 segmented dual-layer-focusing aerogel combinations (a total of 248 tiles) with different refractive indices. Fig. 2 shows a CAD drawing of the planned aerogel radiator tiling scheme. Each 2-cm-thick aerogel layer (dual layer thickness = 4 cm) is separately fabricated and will be stacked during the installation of the A-RICH system. Prepared aerogel tiles are cut into fan shapes that fit their layer (concentric layers 1-4, counting from the inside of the end cap; see Fig. 2 ) by a water jet cutter. Water jet trimming best exploits the hydrophobic features of our aerogels. Fig. 3 shows water-jet-machined aerogels cut from (18 × 18 × 2) cm 3 test production tiles fabricated by the conventional method. The integrity of the optical parameters was preserved after cutting, and the error in the tile dimensions was below 1%.
In addition, to increase the number of Cherenkov photons that reach the photodetectors without Rayleigh scattering, the aerogels should be maximally transparent. At n = 1.045 for upstream aerogels, sufficient transparency is achieved by the con- Figure 3 : Fan-shaped water-jet-machined aerogels to be installed in the first layer of the end cap. These were cut from (18 × 18 × 2) cm 3 tiles and stacked to form a focusing combination. ventional method; however, transparency generally decreases with increasing refractive index. On the other hand, downstream aerogels with n ∼1.055 produced by the pin-drying method are more transparent than those obtained from the conventional method. Therefore, the upstream aerogels will be manufactured by the conventional method, while the downstream aerogels can be produced by either method. Fabricating the downstream (n = 1.055) aerogels by the conventional method is a promising option, because large aerogels can be obtained with a crack-free yield exceeding 80% [18] . Alternatively, the pin-drying method is suitable in cases in which the transparency of the downstream aerogels is particularly important for detector performance; that is, where all emitted Cherenkov photons must pass through the downstream layer to reach the photodetectors. Of special concern in the pin-drying method is obtaining large aerogels with low crack-free yield.
Test production results of large-area pin-dried tiles
For the actual detector, we require approximately 350 largearea aerogel tiles (including spares) with no cracking. For large, high-refractive-index aerogels, cracking in the supercritical drying phase is a critical issue. The total number of wet gels that must be synthesized and processed depends on the crack-free yield in the final phase. In test productions by the conventional method, we established a technique for fabricating large-area tiles with a sufficiently high crack-free yield.
However, cracking remains problematic in large-area aerogels test produced by the pin-drying method. Cracking is more critical in the pin-drying method than in the conventional method, even during small aerogel production. However, in 2012, the first intact (17 × 17 × 2) cm 3 tile with n ∼1.059 was obtained [19] . To date, these are the maximum crack-free tile dimensions obtainable by the pin-drying method. In 2013, immediately prior to mass production, a two-batch (52 tiles) test production of (19 × 19 × 2) cm 3 aerogels with n = 1.055-1.060 was achieved by the pin-drying method, although all of the attained samples were cracked. From the above test production results of large-area aerogels, we have conclusively decided to mass produce both the upstream (n = 1.045) and downstream (n = 1.055) aerogels by the conventional method. We consider that intact aerogels are essential to ensure the safe handling of aerogels with no fragmentation at the radiator installation stage. Moreover, in the cracking plane, Cherenkov photons are scattered or reflected, which measurably decreases the transmittance of the aerogels. The optical parameters of the recently produced aerogels were measured and found to be suitable even in large tiles [19] . The measured transmission lengths were 40 mm-50 mm and 35 mm for aerogels with n = 1.045 and 1.055, respectively. An X-ray technique [20] revealed that the density nonuniformity of the tiles in the transverse planar direction was below ±1%.
Beam test of a prototype A-RICH system
In May 2013, the two above-described options for large-area aerogel combinations were evaluated in a beam test undertaken at the DESY. In the test, a prototype A-RICH counter was exposed to a p = 5 GeV/c electron beam in the T24 beam area of the synchrotron. Spatial nonuniformity in the density of pindried aerogels has been recognized by X-ray absorption measurements [19, 20] . Therefore, we were particularly interested in whether refractive index nonuniformities (gradients) in the transverse planar direction of monolithic aerogel tiles would degrade detector performance. Independent of refractive index nonuniformity, the laser Fraunhofer method tags the aerogels with the refractive index measured at the tile corners (n tag ). The previous test [12] targeted pin-dried aerogels with n tag = 1.054 and 1.065 in the upstream and downstream layers, respectively. These are small aerogels with dimensions of (9 × 9 × 2) cm 3 . Unlike this study, the previous study paid little attention to refractive index nonuniformity.
The prototype A-RICH counter (as a component of the realsize detector) was constructed by correctly placing the system components (aerogel radiators, prototype HAPDs, and frontend electronics close to the final design) in the 20-cm expan-sion distance between the aerogel surface and HAPDs in a lightshielded box. The setup is shown in Fig. 4 . Six HAPDs, separated by gaps, were arranged into a 2 × 3 array, mimicking the layout of the real detector. The pixel size and averaged quantum efficiency of the HAPDs were (4.9 × 4.9) mm 2 and 25%, respectively. The charged beam was tracked by four multiwire proportional chambers affixed to the upstream and downstream sides of the light-shielded box. Trigger signals were generated by two scintillation counters placed at the upstream and downstream extremities of the beam area.
In a preliminary analysis of the data obtained from aerogel study runs, we obtained N p.e. = 6.6 and σ θ = 14.5 mrad, implying a K/π separation capability of 4.1σ. Here a focusing aerogel combination of n = 1.0464 (Λ T = 42 mm) and 1.0548 (34 mm) was constructed from tiles produced by the conventional method. N p.e. is the averaged number of detected photoelectrons, and σ θ is the resolution of the observed Cherenkov angle distribution per single photon. The performance of the A-RICH detector was naïvely estimated by the following equation:
where ∆θ C (∼23 mrad) is the difference in Cherenkov angles between K and π at n = 1.05 and p = 4 GeV/c. The aerogels incorporated into the prototype detector were the water-jet-trimmed tiles shown in Fig. 3 . In this run, the electron beam impacted perpendicular to the default aerogel position (around the center of the tiles). This aerogel combination, selected for our mass production, approximately satisfied our detector performance requirements. An alternative focusing aerogel combination, namely, n = 1.0467 (Λ T = 47 mm) and n tag = 1.0592 (59 mm), constructed from tiles produced by the conventional and pin-drying method, respectively, yielded a superior K/π separation capability of 4.5σ. In this combination, N p.e. = 8.6 and σ θ = 15.0 mrad. Accumulated clear Cherenkov rings are shown in Fig. 5 . In the pin-dried aerogels, the tagged refractive index at the tile corners will be larger than the refractive index averaged across the tile, possibly reflecting a density gradient [19, 20] . We irradiated the tile center, corner, and midway point (between center and corner) with the beam. Ongoing analysis indicated that refractive index nonuniformity does not significantly affect detector performance; i.e., the spatial variation in the mean and resolution of the Cherenkov angle distribution appears to be within our requirements and is acceptable. We conclude that detector performance could be primarily improved by detecting more Cherenkov photons using highly transparent pin-dried aerogels.
Status of mass production
In September 2013, collaborating with the Japan Fine Ceramics Center and Mohri Oil Mill Co., Ltd, we began the mass production of aerogels for the actual A-RICH system. By the end of 2013, 100 tiles were sequentially delivered to KEK. In parallel, we characterized the aerogels by visual checking and measurements of refractive index, transmission length, and density. Thus far, our crack-free yield exceeds 90% (outperforming our target of 80%), and we have measured the optimal transparency of tiles produced by the conventional method. Mass production will be completed by the end of May, 2014.
Conclusion
As part of the Belle detector upgrade program, we are investigating an A-RICH counter to be installed in the forward end cap as a particle identification system. We introduced conventional and pin-drying methods for producing high-quality hydrophobic silica aerogels intended for use as Cherenkov radiators. We proposed an aerogel tiling scheme in the large-area end cap of the Belle II detector. We then studied a technique for producing large aerogel tiles and examined the crack-free yield of samples produced by both the conventional and pin-drying methods. Based on the test production results, we elected to mass produce both upstream (n = 1.045) and downstream (n = 1.055) aerogels by the conventional method. Mass production and quality checking are now fully established. We constructed a prototype A-RICH counter from tiles test produced by the conventional method arrayed in a dual-layer-focusing radiator scheme and confirmed its utility in a test beam experiment at the DESY. We also confirmed the superior detector performance of a highly transparent pin-dried aerogel. The pin-drying process will be further developed at Chiba University, independent of the Belle II program.
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